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Introduction 


Ignition  of  dry  single  wall  carbon  nanotubes  (SWNT)  by  a  compact  camera  flash  was  first  reported  in  20011 
and  confirmed  in  other  reports.2  3  The  presence  of  iron  oxide  particles  in  the  combustion  byproducts  that  were 
predominantly  Fe203  with  a  small  amount  of  Fe304  was  also  reported. 2This  phenomenon,  known  as  photoignition, 
has  not  been  reported  for  similar  carbon  rich  materials  such  as  graphite  powder,  carbon  soot,  activated  charcoal 
and  C60.  The  only  exception  is  graphene  oxide  nanoplatelets,  which  show  photoignition  effect  at  a  relatively  high 
minimum  ignition  energy  (MIE).4  Graphene  nanoplatelets  are  unrolled  form  of  carbon  nanotube  and  they  share 
the  same  SP2  bonding  structure  for  carbon  atoms. 

For  as-grown  (AG-)  SWNT  samples  and  most  other  materials,  photoignition  is  expected  at  an  optical 
fluence  (photon  energy  per  unit  area  or  radiant  exposure)  that  is  about  two  orders  of  magnitude  lower  than  what 
is  expected  in  the  laser  ignition  of  SWNT5  and  other  materials.6'7  SWNT  are  believed  to  provide  a  medium 
stabilizing  the  metal  nanoparticles  to  prevent  spontaneous  initiation  of  ignition  until  they  are  exposed  to  a 
stimulating  energy  source  such  as  illumination  from  a  compact  camera  flash.  It  has  been  suggested  that  the 
nanotubes  are  damaged  by  exposure  to  light  which  provides  the  opportunity  for  the  02  atoms  in  the  air  to  react 
with  the  pyrophoric  Fe  nanoparticles  that  are  trapped  inside  SWNT 

A  recent  work  on  the  photoignition  of  graphene  oxide  suggests  that  presence  of  metal  nanoparticles  is 
not  a  necessity  for  inducing  photoignition  in  all  nanostructured  materials.  However,  evidence  of  structural  damage 
in  nanostructure  due  to  photon  exposure  were  presented  in  this  case.4  Nevertheless,  the  mechanism  by  which  the 
flash  either  damages  the  SWNT  structure  thus  exposing  the  Fe  particles  to  the  environmental  oxygen  as  a  result,  or 
somehow  it  makes  the  Fe  particles  more  reactive  is  unclear.  There  have  been  reports  on  the  application  of 
photoignition  of  SWNT  as  an  ignition  source  for  different  materials  including  explosives8  and  combustible  gas 
mixtures.9  The  work  on  the  application  of  photoignition  of  nanotube  for  ignition  of  fuel  spray  in  propulsion  systems 
have  been  conducted  at  our  lab  and  reported  previously.10,11 

This  report  focuses  on  the  measurement  of  MIE  and  the  effects  of  certain  key  parameters  on  the  ignition 
characteristics  of  the  SWNT  as  well  as  some  other  nanoparticles.  However,  our  main  objective  has  been  the 
identification  of  the  most  suitable  nanoparticle  for  photoignition  of  fuel  sprays  for  rocket  applications. 

Experimental  Setup  and  Instrumentation 

The  basic  experimental  setup  consists  of  one  or  two  identical  camera  flashes,  Canon  model  580  XEII,  as 
ignition  light  source,  a  pulse  energy  meter,  from  GenTec  Corp.,  SUN  series  EM-1  with  ED-500  detector  head,  and 
an  XYZ  linear  translation  stage  with  a  filter  wheel  for  introducing  optical  filters  within  the  light  path.  The  Canon 
camera  flash  consists  of  a  compact  Xe-flash  lamp  with  a  variable  60-5200  ps  pulse  duration  that  is  provided 
through  a  22-  step  energy  setting  via  an  electronic  circuit.  The  light  source  was  coupled  to  the  sample  area 
through  a  3 'x%"  quartz  fiber  optic  light  guide  from  Sunoptics  Technologies  Corp.,  as  shown  in  Figure  1. 

The  as-grown  (unpurified)  SWNT  samples  were  utilized  for  all  of  the  reported  results.  These  samples 
which  were  synthesized  by  the  HiPco  process  were  obtained  from  Unidym  Corp,  Houston,  Texas.  The  carbon 
nanotubes  in  these  samples  are  believed  to  be  predominantly  of  single-walled  CNT,  as  stated  by  the  vendor  and 
they  contain  Fe  nanoparticles  and  carbon  impurities  possibly  in  amorphous  form.  Therefore  the  term  SWNT  is 
used  for  the  as-grown  SWNT  samples  for  brevity  throughout  this  paper.  Otherwise  it  is  stated  that  the  sample  was 
purified  SWNT,  i.e.,  the  sample  that  was  chemically  treated  to  remove  most  of  the  impurities  (predominantly  Fe 
and  carbon-rich  structures)  from  the  sample. 

In  certain  cases  a  double  flash  source  was  used,  i.e.  identical  sources  and  camera  flash  hot-shoes  were 
utilized  in  order  to  ensure  that  the  two  flashes  were  triggered  simultaneously,  produced  identical  outputs,  and 
worked  in  tandem.  A  third  flash  was  used  far  away  from  the  sample  as  a  trigger,  so  that  the  two  fiber  coupled 
sources  exhibited  nearly  perfect  overlap  in  their  temporal  light  output  as  verified  by  the  temporal  response  of  the 
photo  detector.  In  this  case  a  randomized  bifurcated  "Y"  shaped  fiber  bundle  was  used  to  deliver  the  light  from 
the  two  flashes  to  a  single  uniformly  illuminated  sample  area  as  shown  in  Figure  1. 
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Camera  Flash 
&  Hotshoe 


Pyrometer 


Figure  1  -  The  experimental  setup  for  the  study  of  photoignition  effect  in  SWNT.  The  digital  camera  and 
the  fiber  coupling  for  the  spectrometer  are  not  shown. 

A  high-speed  pyrometer,  Mikron  Infrared  Inc.  model  KGA  740  HS,  with  a  range  of  300-2300°C,  was  used  to 
determine  the  temperature  of  the  sample  as  a  function  of  time  with  better  than  10  ps  response  time.  The  fiber 
coupled  N I R  spectrometer,  Horiba  model  Symphony  HR320,  covering  from  600-1400  nm  was  used  to  dynamically 
measure  the  spectral  emission  of  a  millimeter  size  spot  of  the  sample  before  and  immediately  after  exposure  to  a 
camera  flash.  A  high-speed  camera,  Vision  System  Inc.  model  Phantom  V7.1,  which  is  capable  of  capturing  up  to 
4800  frames/s  at  full  resolution,  was  used  to  capture  the  sequence  of  the  ignition  process  with  sub  millisecond 
resolution.  The  data  acquisition  (DAQ)  system  was  a  16-channel  digital  oscilloscope;  Hi-Techniques  model  Win600. 
The  DAQ  was  trigged  by  a  fast  photodiode  detector,  Thorlabs  Inc.  model  DET36A,  which  provided  synchronization 
of  the  data  acquisition  devices  through  a  digital  delay/pulse  generator  with  a  response  time  of  14  ns. 
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Experimental  Procedure 


Samples  of  different  solid  nanoparticles  were  placed  on  a  glass  slide  and  it  was  positioned  within  a  few 
millimeters  below  the  output  end  of  the  fiber  optic  light  guide  as  shown  in  Figure  1.  The  end  of  the  fiber  optic  light 
guide  near  the  sample  was  attached  to  a  linear  translation  stage,  so  that  it  could  be  easily  switched  between  the 
sample  area  and  the  detection  head  of  the  light  pulse  energy  meter.  This  was  to  ensure  that  the  dynamic 
measurements  of  the  light  from  the  camera  flash  truly  reflected  the  energy  output  of  the  source  as  seen  by  the 
sample. 

In  order  to  provide  a  continuous  adjustment  of  the  optical  fluence  (energy  per  unit  area),  the  input  side  of 
the  fiber  bundle  light  guide  was  held  at  a  continuously  adjustable  distance  from  the  camera  flash  through  a  linear 
translation  stage.  For  each  sample  the  preliminary  measurement  of  the  optical  fluence  leading  to  photoignition 
was  initiated  with  a  Xe-flash  energy  well  below  MIE,  which  is  defined  as  the  lowest  energy  required  for  the 
initiation  of  the  photoignition  effect.  The  optical  fluence  on  the  sample  was  incrementally  increased  until  the  onset 
of  the  ignition  was  observed,  i.e.  MIE  for  the  sample  was  determined.  The  energy  per  pulse  was  measured  at  each 
step  and  the  sample  was  examined  (in  some  cases  through  photographic  images)  before  and  after  the  application 
of  each  flash  in  order  to  verify  the  occurrence  of  photoignition.  Photoignition  of  SWNT  samples  was  usually 
indicated  by  photo-induced  oxidation  of  Fe  nanoparticles  in  the  sample.  This  was  easily  identifiable  through 
change  of  color  of  the  sample  due  to  the  formation  of  orange  iron  oxide  on  the  surface  of  the  sample. 

Experimental  Results  and  Discussion 

The  experimental  setup  shown  in  Figure  1  was  used  to  investigate  ignition  characteristics  of  SWNT  and  a 
number  of  other  nanoparticles  or  nanostructured  materials  as  revealed  by  their  respected  MIEs.  For  SWNT  the 
study  was  expanded  to  include  MIE  as  a  function  of  the  characteristics  of  the  light  source  such  as  the  wavelength 
and  the  Xe-flash  duration,  as  well  as  sample  properties  such  as  the  compaction  force  and  Fe  content  of  CNT 
samples.  Ignition  characteristics  of  compacted  SWNT  samples  were  also  studied  in  air  and  in  an  oxygen-rich  gas 
flow.  Results  for  each  of  these  studies  are  reported  below. 

Photoignition  of  Different  Nanostructured  Materials 

The  photoignition  properties  of  SWNT  were  investigated  with  the  setup  of  Figure  1  with  a  single  or 
double/tandem  Canon  580  XII  compact  camera  flashes.  We  also  studied  photoignition  properties  of  other 
nanostructured  materials  such  as  multi-walled  CNT,  C60  fullerenes  and  SWNTs  from  different  vendors  as  well  as 
carbon  black,  metallic  and  nonmetallic  nano-powders,  and  several  ball  milled  metallic  thermites.  Table  1  only 
includes  those  materials  that  were  better  characterized  and  showed  a  more  consistent  photoignition  (PI)  effect. 

As  seen  from  Table  1,  SWNT  samples  with  51%  Fe  content  exhibited  the  lowest  MIE  and  aluminum  nanoparticles 
exhibited  the  highest  burn  temperature. 


Table  1  -  MIE  for  different  nanostructured  materials  and  their  corresponding  burn  temperatures 


Nanoparticle  Samples 

Particle  Size/ 
Smallest 

Dimensional  size 

Min.  Ignition 
Energy/area,  Fluence 
(mJ/cm2) 

Ignition/Burn 
Temperature*  (°C) 

SWNT(51%  Fe) 

<  30  nm 

64  ±8 

490  ±  30 

SWNT(18%  Fe) 

<  30  nm 

182  ±  13 

420  ±  50 

Graphene  Oxide 
Foam/Nanoplatelets 

<  30  nm 
thick  platelets 

495  ±  60 

370  ± 100 

Al-nanoparticles 

18  nm 

290  ±  50 

1100 ± 150 

Fe, ,  Carbon  coated 

~  40  nm 

220  ±  35 

250  ±  30 

Fe  powder 

~  30  nm 

150  ±25 

220  ±  30 

Pd  powder 

~  12  nm 

530  ±60 

320  ±  40 

*this  is  the  temperature  of  a  focused  spot  on  the  sample 
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The  Effect  of  Wavelength  on  Photoignition  of  SWNT 


The  effect  of  the  wavelength  of  light  source  on  the  photoignition  of  SWNT  samples  was  investigated 
within  the  spectral  range  of  300-1600  nm.  Different  combinations  of  optical  filters  were  utilized,  including  band 
pass,  long  pass,  and  short  pass  filters,  in  order  to  produce  several  spectral  regions/bands  covering  the  entire  300- 
1600  nm  spectral  range.  The  typical  spectral  band-pass  regions  for  this  study  were  between  250-400  nm.  The 
width  of  the  band  pass  was  dictated  by  the  maximum  light  output  through  the  filter  set  that  was  available  to 
induce  photoignition  and  to  a  lesser  extent  by  the  availability  of  the  suitable  optical  filters.  The  highly  desirable 
narrower  spectral  band  pass  filters  were  avoided  because  the  optical  fluence  through  such  a  band  pass  filter  would 
be  too  low  to  induce  photoignition  in  SWNT  samples. 

The  study  of  wavelength  effect  on  photoignition  shows  no  particular  spectral  range  within  300-1600  nm 
that  photoignition  of  SWNT  samples  are  noticeably  more  sensitive  to  the  wavelength  of  the  light  source.  Based  on 
the  above,  one  may  conclude  that  photoignition  of  SWNT  is  wavelength  independent  and  most  likely  it  is 
predominantly  due  to  a  highly  efficient  photothermal  effect  in  nanostructured  material.  The  main  experimental 
limitation  arises  from  the  limited  optical  fluence  output  of  the  compact  Canon  580  XEII  Xe-flash  source,  though  it  is 
among  the  highest  available  compact  Xe-flash  sources  with  millisecond  pulse  duration. 

The  Effect  of  Light  Pulse  Duration  on  the  Photoignition  of  SWNT 

During  the  research  of  the  ignition  effect  at  different  spectral  regions  we  noticed  that  values  of  MIE  for 
identical  samples  were  strongly  influenced  by  the  22-step  output  setting  of  the  Xe-flash.  We  initially  associated  the 
change  in  MIE  with  the  wavelength  of  the  light,  only  to  be  dismissed  later,  as  an  erroneous  conclusion.  However,  a 
series  of  investigative  measurements  made  it  clear  that  the  unexpected  change  in  MIE  was  due  to  the  pulse 
duration  of  the  light  source  and  not  due  to  its  wavelength.  The  measurements  reveal  that  the  light  level  setting  of 
Canon  580-XII  Xe-flash  inadvertently  changed  the  pulse  duration  of  the  light  as  well.  This  finding  led  to  the  study 
of  the  effect  of  pulse  duration  on  photoignition  that  revealed  important  characteristics  of  the  photoignition  effect. 
In  doing  so  we  utilized  the  22-step  power  settings  of  Xe-flash,  which  was  associated  with  as  many  pulse  flash 
duration  selections.  The  eight  primary  settings  of  the  Xe-flash  are  shown  in  Figure  2  with  two  secondary  settings  in 
between  the  primary  ones. 

Figure  2  shows  the  light  pulse  output  curves  for  a  Canon  580-XII  Xe  flash  lamp,  covering  an  estimated 
range  of  60-5200  ps  for  the  "pulse  duration."  Photoignition  was  induced  in  the  SWNT  samples  with  43%  and  51% 
Fe  content  for  all  but  the  lowest  setting  of  the  Xe  flash  lamp  at  and  below  Ml/64  output  setting  of  the  Xe-flash. 

The  curves  in  Figure  2  are  produced  by  the  temporal  response  of  the  DET36A  fast  photodiode  detector  which  has  a 
response  time  of  14  ns.  As  shown  in  Figure  2,  a  higher  light  output  is  achieved  merely  through  a  longer  lasting 
pulse,  while  the  maximum  pulse  height  remains  the  same.  As  such,  at  each  setting  the  area  under  the  curve  best 
represents  the  output  energy  of  the  Xe-flash.  For  photographic  applications  the  timescale  in  Figure  2  is  fast 
enough  at  any  setting,  but  as  we  will  describe  later  the  pulse  duration  of  the  Xe-flash  has  a  noticeable  effect  on  the 
photoignition  response  of  the  sample.  It  is  worth  mentioning  that  our  effort  in  obtaining  similar  data  from  Canon 
Corp.  was  unsuccessful  on  the  grounds  that  their  pulse  duration  data  was  not  available  for  public  release. 

Table  2  shows  the  minimum  ignition  energy  as  a  function  of  pulse  duration  for  SWNT  sample  with  43%  Fe 
content.  The  fact  that  for  any  SWNT  sample  one  is  able  to  induce  photoignition  at  a  relatively  lower  fluence  for 
shorter  light  pulse  durations  is  an  interesting  property  of  the  photoignition  effect.  In  explaining  the  effect,  it  is 
important  to  note  that  the  curves  in  Figure  2  are  the  "raw"  data  i.e.  they  are  not  normalized  to  the  peak  value,  as  it 
may  appear  from  the  curves.  In  considering  the  photoignition  effect  we  are  concerned  with  the  optical  fluence  or 
radiant  exposure  in  each  case,  i.e.  the  value  that  is  directly  correlated  with  the  area  under  each  light  pulse  output 
curve  in  Figure  2. 
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Figure  2  -  The  Xe-flash  pulse  output  for  different  power  settings  of  a  Canon  580  XE  II  camera  flash  as  seen 
by  the  DET36A  fast  photodiode  detector.  Ml/1  and  Ml/128  represents  the  highest  and  the  lowest  available 
setting  for  the  light  output  respectively. 


Table  2  -  The  MIE  for  SWNT  samples  at  different  pulse  durations  of  the  Xe-flash  of  Figure  1 


Output  Setting  of 
Camera  Flash 

Estimated  Pulse 

Duration*=A 

(Us) 

Area  under 

Curve=B 

(a  good  measure 
of  total  light 
energy) 

(normalized  to 
Ml/32) 

Relative 

Power=B/A 

(a.u.) 

Minimum 
Ignition 
Energy/Area 
(mJ/  cm2) 

Canon  Ml/1 

5200 

13.5 

2.6 

68±7 

Canon  Ml/2 

1100 

4.5 

4.1 

48±6 

Canon  Ml/4 

600 

2.5 

4.2 

45±6 

Canon  Ml/8 

350 

1.6 

4.5 

37±5 

Canon  Ml/16 

200 

1.13 

5.7 

31±4 

Canon  Ml/32 

120 

(normalized=l). 

8.3 

28±4 

Canon  Ml/64 

80 

~0.9 

N/A 

no  ignition 

Canon  Ml/128 

60 

~0.8 

N/A 

no  ignition 

PerkinElmer 

CX-1500 

8-10  (fixed) 

N/A 

N/A 

26±3 

*The  estimated  pulse  duration  is  a  rough  measure  of  the  pulse  width  of  the  curves  in  Figure  2. 
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The  Effect  of  Fe  Content  on  Photoignition  of  CNTs 


SWNT  exhibits  photoignition,  but  closely  related  carbon  nanostructures  with  SP2  bonding  such  as 
multiwall  carbon  nanotube  and  C60  fullerenes  did  not  exhibit  the  photoignition  effect.  Since  Fe  nanoparticle  has 
been  the  most  widely  used  catalyst  in  the  synthesis  of  SWNT  and  Fe  nanoparticles  are  known  to  be  pyrophoric, 
some  investigators  suggest  that  Fe  nanoparticles  play  a  significant  role  in  facilitating  photoignition  effect  in  SWNT 
samples. 

The  possible  influence  of  Fe  nanoparticle  content  on  the  photoignition  effect  in  SWNT  samples  was 
investigated  through  measurement  of  MIE  for  seven  samples  with  different  Fe  concentrations.  Table  3  shows  the 
result  of  Fe  content  on  the  MIE  of  SWNT  samples  for  the  pulse  duration  of  600  ps.  All  of  these  samples  were  from 
the  same  vendor  and  to  the  best  of  our  knowledge  they  were  grown  by  the  same  method  and  under  comparable 
experimental  conditions.  In  addition  to  the  differences  in  their  Fe  contents,  these  samples  have  different 
appearances  as  indicated.  The  samples  with  higher  Fe  contents  are  soot-like,  very  fluffy  (with  a  density  of  7-20  g/L) 
so  that  they  are  easily  carried  by  the  air  and  they  look  velvet  black,  while  the  samples  with  lower  Fe  content  are 
more  like  a  dark  gray/black  powder  with  much  higher  density. 


Table  3  -  MIE  for  SWNT  samples  with  different  Fe  content  in  air 


Fe 

Content  of  the 
Sample  (Wt%) 

Sample  Appearance, 
and  Estimated  Density* 

(base  material  is  Fe+C  with 
expected  density=3.5-5.5  kg/L) 

Minimum  Ignition 
Energy/Area  (mJ/cm2) 

51 

like  soot,  velvet  black,  extremely  fluffy, 
~8g/L  (~99.8%  air) 

64±8 

43 

like  soot,  velvet  black  extremely  fluffy, 
~11  g/L  (~99.7%  air) 

69±9 

39 

like  soot,  velvet  black,  very  fluffy, 

~15  g/L  (~99.6%  air) 

84  ±10 

30 

like  soot,  black,  fluffy, 

~19  g/L  (~99.5%  air) 

99  ±10 

18 

Like  soot,  black,  fluffy, 

~21  g/L  (~99.4%  air) 

182±13 

12 

gray/black  powder, 

~55  g/L  (~98%  air) 

No  ignition** 

5 

gray/black  powder, 

~130  g/L  (~95%  air) 

No  ignition** 

*  Values  for  %  air  was  calculated  based  on  a  density  of  2.2  Kg/L  for  the  carbon  in  the  sample 
**no  ignition  was  observed  up  to  750  mJ/cm2 


Conclusions 

This  photoignition  effect  in  different  nanostructured  materials  including  metal  nanoparticles  can  be 
induced  by  a  low-energy  Xenon  flash  source  such  as  a  compact  camera  flash.  The  most  favorable  nanoparticles  for 
photoignition  are  as-grown/unpurified  SWNT  with  Fe  content  greater  than  about  40%,  which  show  lowest  relative 
values  for  MIE.  We  have  investigated  the  effect  of  a  number  of  parameters  associated  with  the  light  source  and 
with  the  SWNT  sample  on  the  photoignition  phenomenon. 

Investigation  of  the  effects  of  the  wavelength  on  the  photoignition  revealed  no  noticeable  change  in 
minimum  ignition  energy  for  any  wavelength  region  within  the  limits  of  the  available  light  intensities  for  different 
bandpass  filters.  This  led  us  to  suggest  that  the  photoignition  effect  is  due  to  a  form  of  photothermal  process.  The 
values  of  MIE  for  the  as-grown  samples  were  studied  as  a  function  of  light  pulse  duration  of  the  Xe-flash.  It  was 
found  that  the  pulse  width  played  an  important  role  in  determining  the  minimum  ignition  energy.  For  the  shorter 
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light  pulse  duration  a  relatively  lower  MIE  was  observed  for  the  SWNT  samples  as  compared  to  longer  pulse 
durations. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


DAQ 

data  acquisition 

Fe 

iron 

MIE 

minimum  ignition  energy 

NIR 

near  infrared 

nm 

nanometer 

ns 

nano  second 

PI 

photoignition 

SWNT 

single  wall  carbon  nanotube 
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